ABSTRACT: In this work, the effects of stirring and bubbling methods on hydrate-based carbon dioxide (CO 2 ) separation from integrated gasification combined cycle (IGCC) synthesis gas are compared. Then, an integrated process of bubbling in conjunction with temperature fluctuation is proposed and adopted in the experiments, which are conducted in bench and scaledup equipment. The experimental results show that the bubbling method has a similar positive effect on the CO 2 separation as the stirring method. The optimal volume ratio of tetra-n-butylammonium bromide (TBAB) solution to the reactor shifts to 0.75 after the volume of the reactor is enlarged 100-fold, and at that ratio, the total 15.3 mol of gas is consumed and the mole concentration of CO 2 in the gas phase reduces from 40.0 to 13.2%. The results indicate that the integrated process and scaled-up equipment are feasible for hydrate-based CO 2 separation.
INTRODUCTION
Carbon dioxide (CO 2 ) is considered as the one of the main greenhouse gases. Among all of the CO 2 emissions worldwide, nearly one-third of CO 2 emissions come from fossil fuel electric power plants. 1 To limit global warming, CO 2 emission reduction is extremely urgent. Presently, the major approaches for CO 2 capture from the flue gases include post-combustion capture, pre-combustion capture, and oxy-fuel combustion capture. With oxy-fuel combustion, CO 2 can be completely captured because the components of the gas emitted from the oxy-fuel combustion are CO 2 and water vapor (H 2 O). However, post-combustion capture and pre-combustion capture are more extensively used because of their relatively lower cost and simple processes. The main gases released from the post-combustion and precombustion are the CO 2 /N 2 gas mixture and the CO 2 /H 2 gas mixture; thus, CO 2 can only be sequestered after it is completely separated from the gas mixtures. Therefore, a high-efficiency and economical CO 2 separation technology is crucial to CO 2 emission reduction. The conventional technologies, including chemical absorption, physical adsorption, cryogenic fractionation, have been used commercially in industry. 2 However, these technologies each have their individual issues, such as high energy consumption, low separation efficiencies, low capacity, and high corrosion. Hence, researching and developing new CO 2 separation technologies are pressing issues. Gas-hydrate-based CO 2 separation technology is a new technology that is being extensively studied at present.
Gas hydrates are non-stoichiometric compounds, which are formed by water molecules (host) and small gas molecules (guests) [e.g., methane (CH 4 ), hydrogen (H 2 ), carbon dioxide (CO 2 ), oxygen (O 2 ), and hydrogen sulfide (H 2 S)] under conditions of low temperature and high pressure. 3, 4 In gas hydrates, the water molecules connect each other by hydrogen bonds and form different cavities; meanwhile, the small gas molecules stably occupy the cavities by van der Waals interaction forces. 5 The basis of gas-hydrate-based CO 2 separation technology is the selective partition of the CO 2 component between the hydrate phase and the gaseous phase. For instance, at the same temperature, the equilibrium hydrate formation pressure of CO 2 is lower than those of H 2 and N 2 ; 6,7 thus, CO 2 can be preferentially entrapped into the cavities to form gas hydrates compared to H 2 and N 2 under the same conditions. The hydrates are separated and subsequently dissociated to release the CO 2 -rich stream, while the rest constitutes the CO 2 -lean stream. Thereby, CO 2 can be captured from gas mixtures. In accordance with the difference in cavity shape and size, the gas hydrates have been classified into four distinct structures: structure I (sI), structure II (sII), structure H (sH), and semiclathrate (sc). 8−10 The hydrate structures are largely determined by the guests. Therefore, different guests have their different hydrate structures. Generally, CO 2 forms sI hydrate, while H 2 and N 2 form sII structures.
Over the past 20 years, there has been considerable interest in the thermodynamics and kinetics of hydrate-based CO 2 separation and capture from gas mixtures. 7, 8, 11, 12 For the thermodynamics, a large amount of equilibrium hydrate formation has been obtained. 12−16 For the kinetics, research has focused on induction time, hydrate formation rate, and driving force. Recent work has included hydrate-based CO 2 separation processes. However, there are still many obstacles standing in the way of the development of the hydrate-based CO 2 separation process, such as the low gas uptake, the long induction time, and the slow hydrate formation rate. To accelerate the hydrate formation and shorten the induction time, many hydrate formation additives [e.g., tetrahydrofuran (THF), tetra-nbutylammonium bromide (TBAB), sodium dodecyl sulfate (SDS), etc.] have been employed in previous work, resulting in notable achievements. 2,6,17−20 In addition, different mechanical methods of agitation, such as stirring, bubbling, and spraying, have been adopted to enhance the gas−liquid contact and further promote the gas hydrate formation. 21−25 Nevertheless, the achievements obtained from the previous work do not yet match the requirements of industrial application. For this reason, the hydrate-based CO 2 separation process needs to be further optimized, especially with respect to the hydrate formation rate and CO 2 separation efficiency. Moreover, most of the previous studies on hydrate-based CO 2 separation from flue gases were conducted in a small experimental apparatus, with few results reported in scaled-up equipment.
According to the study by Kojima et al., CO 2 solubility in the hydrate-forming region increases as the temperature increases. 26 Thus, in the process of hydrate formation, an increase of the temperature may be helpful to the CO 2 dissolution in a solution. On the basis of our previous research, an integrated process (involving a bubble method and temperature fluctuation) is proposed to separate CO 2 from integrated gasification combined cycle (IGCC) synthesis gas [mainly as a CO 2 (40.0%)/H 2 (60.0%) gas mixture] in a scaled-up reactor. 27, 28 For the reason that stirring the solution consumes a significant amount of energy, a bubble method is adopted to replace stirring in the work. In this work, gas uptake, CO 2 separation efficiency, and CO 2 concentration in the residual gas phase are thoroughly analyzed. In addition, comparisons of results achieved from experiments conducted in small and scaled-up equipment are made to prove the feasibility of the integrated process for hydrate-based CO 2 separation.
EXPERIMENTAL SECTION
2.1. Materials. A pretreated IGCC synthesis gas is simulated by a CO 2 (40.0%)/H 2 (60.0%) gas mixture. The gas mixture is ultrahigh purity (UHP)-grade and is supplied by Huate Special Gas Co., Ltd. TBAB is supplied by Shanghai Sinopharm Chemical Reagent Co., Ltd., China, with 99.0% purity. The deionized water with 18.3 mΩ cm −1 resistivity is produced by ultrapure water equipment, which is supplied by Nanjing Ultrapure Water Technology Co., Ltd., China.
2.2. Apparatus. The experimental apparatuses are shown in Figures  1 and 2 . Figures 1 and 2 are the schematics of the small experimental apparatus and the scaled-up equipment, respectively. For Figure 1 , the crystallizer (CR) with 336 mL inner volume and a 1350 mL supply vessel (SV) is made of 316 stainless steel immersed in a temperaturecontrolled water bath. Two circular viewing windows made of Plexiglas are set on the front and back of the CR. A pump is connected on the CR to bubble the gas into the CR and drive gas out from the CR. The maximum working pressures of the CR and the SV are set at 25 MPa. The pressures are measured with two Setra smarte pressure transducers (model 552, Boxborough, MA) with an accuracy of 0.02 MPa. Temperatures are measured by using three Pt1000 thermocouples (JM6081) with uncertainties of 0.1 K. Under the CR, a magnetic stirrer (0−1000 revolutions/min) is employed to mix the contents thoroughly. The compositions of the residual gas phase and the decomposition gas phase are determined with HP6890 gas chromatography (GC) connected online with the CR and automated using a personal computer (PC). For Figure 2 , the scale-up equipment consists of a 40 L cuboid reactor (10.0 cm in side length and 4.0 m in height) made of 316 stainless steel, a refrigeration system, a temperature control unit, and two pumps. The reactor is equipped with transparent Plexiglas in front and back sides and is jacketed with a glycol−water bath on the right and left sides, and it is evenly divided into four segments from the bottom to the top (segments I, II, III, and IV). The maximum working pressure for the reactor is 4.0 MPa. A scale with a precision of 1 cm is attached to a side of the reactor to indicate the height of the liquid and to point to the position of bubbles. The temperature in the reactor is controlled by the glycol−water flowing circularly within the jacket. A Pt1000 thermoprobe with ±0.05°C accuracy is positioned on the top of each segment to measure the temperature. The pressure is measured using a pressure transducer, with a range of 0−10 MPa and an accuracy of ±0.02 MPa. A proportional−integral−derivative (PID) controller is used to maintain a stable pressure. A gas flowmeter (LineTech M3030) determines the gas volume introduced from the gas cylinder. The flow rate range for the flowmeter is (0−22.5 mL min
. The bubble size is controlled by a round bubble plate distributor (10 cm in diameter) with 50 μm holes.
2.3. Procedure. 2.3.1. Experiments Conducted in the Small Apparatus. The methods of bubbling and stirring are both used in the experiments, and a comparison of results achieved from the two methods is conducted to verify that the method of bubbling has a positive effect on the hydrate-based CO 2 separation from the CO 2 /H 2 gas mixture similar to stirring.
In the stirring experiments, 180 mL of TBAB solution (0.29 mol %) is put into the 336 mL reactor, and then the reactor is sealed tightly and immersed into the water bath. After the temperature in the reactor reaches the desired value, the free gas in the reactor is pumped out thoroughly, and then the synthesis gas mixture is pumped into the reactor to the desired pressure. When the temperature recovers to the desired value again, stirring is initiated (rate at 500 rpm). The gas mixture dissolves into the TBAB solution and forms gas hydrate as the stirring continues. Meanwhile, the additional gas mixture from the SV is supplied into the CR to maintain the pressure at a constant value by the PID.
In the bubbling experiments, the difference from the above procedure is that, after the free gas is pumped out thoroughly, the gas mixture (supplied from the SV) is pumped into the solution from the bottom of the reactor as gas bubbles and the gas mixture dissolves into the solution and further forms gas hydrate as the gas bubble moves through the solution. The pressure is again controlled strictly by the PID.
After hydrate formation is completed, the composition of the residual gas is determined with the GC and the gas uptake (Δn H ) is calculated according to the eq 1 as follows:
where z is the compressibility factor calculated by Pitzer's correlation. 30 Subscript t refers to time t, while subscript 0 refers to the initial time of starting the stirrer. Subscript CR refers to the gas phase in the CR, while subscript SV refers to the gas phase in the SV. Figure 1 . Schematic of the small experimental apparatus. is pumped into the total 40 L reactor, which is evacuated in advance. After the temperature in the reactor reaches the desired value, the gas mixture is pumped into the solution from the bottom of the reactor and the gas charged is calculated via the gas flowmeter. The bubble size is controlled by a bubble plate. During the process of the hydrate formation, a temperature fluctuation is introduced. The temperature (T′) is increased by 4 K to a new temperature (T″) that is chosen to be lower than the phase equilibrium temperature. 7, 16 After 0.5 h, T″ is decreased to T′ quickly. Then, the experiment is continued at T′. The pressure in the reactor is kept constant at lower than 3.10 MPa by the PID. After the experiment is completed, the composition of the residual gas is measured by GC.
Energy & Fuels
2.3.3. CO 2 Separation Efficiency Calculation. CO 2 separation efficiency is determined by the CO 2 split fraction (SFr) and the CO 2 separation factor (SF). SFr and SF are calculated according to the following equations: 
where n CO 2 gas , n CO 2 H , and n CO 2 feed are the moles of CO 2 in the gas phase, in the hydrate phase at the end of the hydrate formation, and in the initial gas mixture, respectively. n H 2 gas and n H 2 H are the moles of H 2 in the gas phase at the end of the hydrate formation and the moles of H 2 in the hydrate phase, respectively.
RESULTS AND DISCUSSION
3.1. Comparison of Stirring with Bubbling. The experiments were conducted first in the small experimental apparatus (as shown in Figure 1 ). Taking into account the maximal working pressure of the scaled-up equipment (4.0 MPa), we set 3.0 MPa as the experimental pressure in both stirring and bubbling experiments. Figure 3 shows how the gas consumed in the reactor changes with time at two different temperatures. In the stirring experiments, 3.0 MPa gas mixtures were pumped into the system before stirring, giving 0.205 mol of gas mixtures in the system. When the stirrer starts to work, the gas mixtures dissolve into the solution and form gas hydrates; meanwhile, the additional gas mixtures are supplied from the SV to the reactor to maintain the pressure at 3.0 MPa. The amount of additional gas supplied from the SV equals the gas uptake because of hydrate formation. As shown in Figure 3 , the final amount of gas consumed in the stirring experiments at 274.65 and 277.65 K are 0.332 and 0.284 mol, respectively. In the bubbling experiments, because there is no gas mixture in the system before bubbling gas into the reactor, the gas consumed in the system at the beginning is 0. The final gas mixtures supplied from the SV in the bubbling experiments at 274.65 and 277.65 K are 0.330 and 0.276 mol, respectively. The results are quite close to those achieved from the stirring experiments, and it means that the method of bubbling has a similar effect on the hydrate formation as the method of stirring, and further proves that Figure 2 . Schematic of the scaled-up apparatus: 1, gas cylinder; 2, relief valve; 3, fluid container; 4, mass flowmeter; 5, controlled volume pump; 6, refrigeration system; 7, heater exchanger; 8, coolant tank; 9, static mixer; 10, water bath; 11, distributor; 12, reactor; 13, coolant recycle pump; 14, visual window; 15, safety valve; 16, vacuum pump; 17, PID pressure controller; 18, gas−liquid separator; 19, collecting gas cylinder; 20, PC; and 21, date acquisition system. Table 1 shows the gas uptakes along with CO 2 concentrations in the residual gas phases and CO 2 separation efficiencies achieved from the different experiments. As seen from Table 1 , the gas uptakes, the CO 2 concentrations, and CO 2 separation efficiencies achieved from the stirring experiments and the bubbling experiments are quite close under the same experimental conditions. In comparison to the results achieved in the experiments without temperature fluctuations at the same experimental conditions, the gas uptakes and CO 2 separation factors achieved in the experiments with temperature fluctuations are enhanced by 12−17 and 35−45%, respectively. Although the CO 2 SFr values are almost at the same level, the CO 2 concentrations in the residual gas phases achieved in the experiments with the temperature fluctuations are approximately 30% lower than those achieved in the experiments without the temperature fluctuations. The result states that, in comparison to the experiments without the temperature fluctuations, more CO 2 gases dissolve into the solutions and form the gas hydrates in experiments with temperature fluctuations, suggesting that the temperature fluctuation enhances hydrate-based CO 2 separation from the CO 2 /H 2 gas mixture.
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3.2. CO 2 Separation in Scaled-Up Equipment. Figure 6 shows pictures of hydrate formation in the scaled-up equipment at 3.0 MPa and 274.65 K. In Figure 6 , five photos taken at different times are arranged in order. Photo 1 is taken at the beginning of bubble gas pumped into the reactor, and the gas bubbles are the only thing captured in the photo. From photo 2 to photo 5, gas hydrates form and are visible. It can be seen that the gas hydrates increase in the reactor gradually from photo 2 to photo 5. Photo 5 is taken at the end of hydrate formation, where nearly all of the reactor segment is full of gas hydrates.
According to our previous work, the optimal volume ratio of TBAB solution to the reactor is 0.54 in the small experimental apparatus. 20 However, the volume ratio of TBAB solution to the scaled-up reactor volume shifts to approximately 0.75 because the volume of the scaled-up reactor is approximately 100 times that of the small experimental apparatus. Figure 7 shows how the total quantity of gas flow changes with time at different volume ratios. The total quantity of gas flowed is 13.0 mol when the volume ratio is 0.54. Nevertheless, the total quantities of gas flowed are 15.3 and 15.1 mol when the volume ratios are 0.75 and 0.80, respectively. From 0.54 to 0.75, the obvious increase of the quantity can mainly be contributed to the obvious increase of the volume of the TBAB solution. More TBAB solution can dissolve more gas mixtures and form more gas hydrates. However, it is not that more solution must necessarily result in more gas consumed. When the volume ratio exceeds 0.75 (i.e., the volume of TBAB solution pumped into the scaled-up reactor exceeds to 30 L), the total quantity of gas flow changes little with the increase of the volume but the CO 2 concentration in the residual gas phase is higher. As shown in Figure 7 , the CO 2 concentrations achieved from the experiments with volume ratios of 0.54, 0.75, and 0.8 are 19.4, 13.6, and 16.2%, respectively. The lower CO 2 concentration in the residual gas phase corresponds to high CO 2 recovery (CO 2 SFr). Thus, it can be concluded from Figure 7 that the volume ratio of 0.75 is optimal relative to the other two volume ratios of 0.54 and 0.80 examined in these experiments. For this reason, the following results and discussion are centered on the experiments with a volume ratio of 0.75. Figure 8 shows how the pressure in the reactor changes with time in the bubbling experiments at 274.65 K. In these experiments, the gas flow rate is set at 6.75 mL min
according to our previous work. 27 In Figure 8 , the pressure changes in the experiments with and without the 4 K temperature fluctuation are also compared. The pressure in the reactor increases with the temperature. With the temperature decrease and recovery to T′, the pressure decreases synchronously. However, as seen from Figure 8 , the pressure curve does not appear to be consistent with the pressure curve achieved from the experiment without a temperature fluctuation. It is lower after the temperature recovers to T′. It takes a longer time to reach 3.10 MPa, which is set in advance. It indicates that the temperature fluctuation results in more gas dissolving into the solution and being encaged into the gas hydrates. The total quantities of gas flow obtained from the experiments both with and without temperature fluctuations are shown in Figure 9 . As seen from Figure 9 , the total quantity of gas flow obtained from the experiment with a temperature fluctuation is approximately 15% more than that obtained from the experiment without temperature fluctuation. It further proves that the temperature fluctuation does promote the gas hydrate formation in the scaledup equipment.
In addition, to prove that the scaled-up equipment design is relevant to hydrate-based CO 2 separation, the comparisons of total gas consumed in the reactor and CO 2 concentration in the residual gas phase are made, and the detail comparisons are shown in Table 2 . As seen from Table 2, the gas consumed in the scaled-up equipment is approximately 50 times of that in the small experimental apparatus. As calculated according to the above data, the volumes of the gas phase in the experiments with the small reactor and the scaled-up reactor are 156 mL and 10 L; i.e., the volume of the gas phase in the experiment with the scaled-up reactor is approximately 64 times that with the small reactor. There is some small discrepancy between the factors of 50 and 64. Despite this small discrepancy, we still consider that the scaled-up equipment is a feasible route to the hydrate-based CO 2 separation from IGCC synthesis gas because the results obtained from the scaled-up equipment are quite consistent with those obtained from the small apparatus. For example, the CO 2 concentrations in the residual gas phase at the end of the experiments with or without temperature fluctuation in the scaled-up equipment are 8.9 and 13.0%, which are approximately 13.5 and 12.3% higher than those obtained in the experiments conducted in the small apparatus under the same conditions.
CONCLUSION
In this work, the effects of stirring and bubbling on hydrate-based CO 2 separation from IGCC synthesis gas are compared with and without temperature fluctuations in a small experimental apparatus. The optimal volume ratio of solution to the reactor is determined in a scaled-up reactor. An integrated process of bubbling in conjunction with a temperature fluctuation is conducted in the scaled-up equipment. The experimental results ). indicate that bubbling has an effect on the CO 2 separation very similar to stirring. The optimal volume ratio of TBAB solution to the reactor for CO 2 separation shifts to 0.75 after the volume of the reactor is enlarged 100-fold. The temperature fluctuation has a positive effect on hydrate formation in the scaled-up equipment very similar to that observed in the small experimental apparatus. When the volume ratio of 0.29 mol % TBAB solution to the scaled-up reactor volume is 0.75, the total quantity of gas flow achieved in the experiment is 15.3 mol and the CO 2 concentration in the residual gas phase drops from 40.0% in the feed gas mixture to 13.2% at the end of gas hydrate formation.
The results demonstrate the benefits of the integrated process and that scale-up of such processing equipment is feasible for hydrate-based CO 2 separation from IGCC synthesis gas. The work offers experimental data that should aid the industrial development of the hydrate-based CO 2 separation process in the future.
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